Abstract In-situ stresses have significant impact, either positive or negative, on the short and long term behaviour of fractured reservoirs. The knowledge of the stress conditions are therefore important for planning and utilization of man-made geothermal reservoirs. The geothermal field Groß Schönebeck (40 km north of Berlin/Germany) belongs to the key sites in the northeastern German Basin. We present a stress state determination for this Lower Permian (Rotliegend) reservoir by an integrated approach of 3D structural modelling, 3D fault mapping, stress ratio definition based on frictional constraints, and slip-tendency analysis. The results indicate stress ratios of the minimum horizontal stress S hmin being equal or increasing 0.55 times the amount of the vertical stress S V (S hmin ≥ 0.55*S V ) and of the maximum horizontal stress S Hmax ≤ 0.78-1.00*S V in stress regimes from normal to strike slip faulting. Thus, acting stresses in the 4,100 m deep reservoir are S V =100 MPa, S hmin = 55 MPa and S Hmax = 78 -100 MPa. Values from hydraulic fracturing support these results. Various fault sets of the reservoir are characterized in terms of their potential to conduct geothermal fluids based on their slip and dilatation tendency. This combined approach can be adopted to any other geothermal site investigation.
Introduction
The North East German Basin (in the following abbreviated as NEGB) is part of the North German Basin, that extends from the dutch-german to the germanpolish border. The present day structure of the NEGB is well constrained in lithospheric scale by continuous reflections down to the base of Upper Permian (Zechstein) (Marotta et al. 2000) . Also the complex polyphase history of the basin from Carboniferous to Cenozoic is inferred e. g. from the DEKORP seismic line . Thermomechanical models describe primarily the lithospheric structure and the two distinct strength boundaries in the seismic Moho and the Zechstein salt level (Marotta et al. 2000) rather than a fault pattern at a scale that is adequate for exploration.
For a geothermal site investigation a detailed 3D geological model is needed to understand the subsurface structure with focus on fault pattern and sedimentary record of Lower Permian (Rotliegend) reservoir rock. In this present study 2D seismic and well data of former gas exploration in East Germany are re-used to develop a 3D model from Quaternary to Carboniferous. There is special interest in the stress field of the reservoir at 4,100 m depth since the in-situ stresses are of fundamental importance for understanding the mechanical behaviour and permeability development in a geothermal reservoir.
The geothermal investigation site Groß Schönebeck (40 km north of Berlin/Germany) belongs to the key sites of geothermal exploration studies in the North German Basin. The geothermal aquifer is part of the Rotliegend siliciclastica of the NEGB, which are ongoing to be explorated for planned geothermal energy production. On a larger scale, the NEGB and in particular the geothermal aquifer is located at the transition zone between the South Permian Basin and the Polish Trough (Fig. 1a) and belongs to the eastern periphery of the South Permian Basin . At the Groß Schönebeck site a gas exploration well, drilled in 1990 to a depth of approximately 4,300 m and abandoned due to non-productivity, was re-opened by the GFZ Potsdam in 2000 currently being used as geothermal in-situ laboratory (Fig. 1b) . Several hydraulic stimulation campaigns have been carried out in this well (Legarth et al. 2005) . Now a second well was recently drilled by the GFZ Potsdam to establish a well doublet.
It is known from several authors that the hydraulic conductivity of faults and fractures is -among other factors -governed by the in-situ stress field. Faults with high shear stress are known as hydraulically active (Ito & Zoback 2000; Zhang et al. 2002; Zhang et al. 2007) . From other authors it is known, that extensional fractures act as fluid-conducting fractures (e.g. Gudmundsson 2000; Gudmundsson et al. 2002) . Thus, the discrimination of critically stressed and extensional faults within the current stress field means a first assessment of the hydraulic conductivity of observed or suspected faults in the geothermal aquifer.
The present study aims at a detailed description of a newly developed 3D structural model and at the analysis of fault behaviour within the in-situ stress field in the explorated geothermal reservoir at 4,100 m depth. A combined approach of 3D fault mapping, in-situ stress regime calculation based on the frictional failure theory (Peška and Zoback 1995 and the references therein) and fault slip-tendency analysis (Morris at al. 1996 ) is applied to estimate fluid transport in fractured rock. Observations from hydraulic fracturing treatments help to verify the calculated stress field magnitudes (Legarth et al. 2005) . The results are particularly important for the planned man-made geothermal reservoir at the site Groß Schönebeck.
Present-day stresses in the North East German Basin
Several authors have analysed the current stress field in the NEGB at a regional scale. Kaiser et al. (2004) presented a finite element-based dynamic modelling study of the recent stress conditions in the NEGB. According to these modelling results, the NEGB experiences recent compressive stress in its northeastern parts, indicating that transpressive or reverse faulting may be the dominant mode of actual deformation. The model results fit to the observation of reactivated basement faults, which are active since Middle Miocene times. Mazur et al. (2005) also argue that compressive stresses in the mobile Alpine Belt were transmitted along particular crustal zones of weakness into its distant foreland during the Late Cretaceous and Early Tertiary periods. The subsequent inversion in the area of the North German Basin was strongly influenced by the orientation of pre-existing basement structures and by the existence of thick Zechstein salt layers. One of the prominent zones of upper crustal weakness is the NW-SE oriented Elbe Fault Zone, which bounds the SW of the NEGB at a crustal scale and influenced the basin evolution of the NEGB (Hecht et al. 2003) . Thick Zechstein salt layers, however, caused probably decoupling of the stress fields during the inversion period Bayer et al. 2003 , Hecht et al. 2003 Röckel and Lempp 2003) . The near-surface crust in the NEGB is obviously affected by the far-field stress system generated by the alpine compression front. This is indicated by the fact, that in the subsalinar the directions of the maximum horizontal stress S Hmax form a fanlike shape with a N-S axis whereas in the suprasalinar the directions of S Hmax strongly scatter around E-W directions (Grote 1998; Marotta et al. 2000; Röckel and Lempp 2003; Lempp and Lerche 2006) . Based on a re-evaluation of hydraulic fracturing and pressure stability test data from numerous drill holes from the eastern part of the NEGB, Röckel and Lempp (2003) have demonstrated that in the subsalinar of the NEGB, the trend of S Hmax is N-S in the central and NNE-SSW in the eastern part of the basin. More importantly the magnitude of the minimum horizontal stress S hmin is, without exception, generally significantly smaller than the magnitude of the vertical stress S V . Thus, reverse faulting stress regimes might be unlikely in the subsalinar of the NEGB but possibly transitional (S Hmax = S V > S hmin ) or strike-slip (S Hmax > S V > S hmin ) stress regime conditions may prevail at least locally although there are no indications available that S Hmax exceeds S V .
The less dense and buoyant salinar sequence shows much more inconsistent stress conditions than the subsalinar. According to Röckel and Lempp (2003) , the suprasalinar and subsalinar sequences may be mechanically decoupled, thus not allowing plate tectonic stresses that act in the crust, to be transmitted to the suprasalinar cover sequences. A stress transmission to the mesozoic/cenozoic overburden may however function along large fault systems or where the salinar sequences are missing. 
Subsurface structure
The resulting 3D structural model consists of 124 faults and 169 fault blocks, the latter defining the space between the fault planes. The fault pattern is built up of two fault systems decoupled by up to 1,200 m thick Upper Permian (Zechstein) salt layers (Fig. 2) . The dominating Mesozoic structure is an antiform above a 70°
trending salt ridge at which the well GrSk 3/90 is located. The salt is moved upwards to a depth of 2,100 m (Fig. 2) . In the northwest of the model area, 10 km north of the well GrSk 3/90 a reduced thickness of the salt implies salt movement causing a depression in the suprasalt successions.
The fault system in the suprasalinar is characterised by major faults striking 20°, 100° and 120°, and minor faults oriented in 50° and 160°. The displacement along the faults indicates normal faulting by hanging wall throw down movement. The in situ stress regime in the reservoir
Boundary conditions for frictional equilibrium
Where no information on stress magnitudes is available, it is possible to define the possible stress conditions in any crustal depth assuming that in-situ stress magnitudes in the crust will not exceed the condition for frictional sliding on well- (1) where μ, the coefficient of sliding friction, is taken from laboratory measurements to be 0.6 ≤ μ ≤ 1.0 (Byerlee 1978) and P p is the in-situ pore pressure. Byerlee 
For higher pore pressures, lower coefficients of friction or stress states that differ from frictional equilibrium, a smaller range of differential stress values may exist.
The values of S Hmax and S hmin from eq. (1a) and eq. (1b) can be illustrated in a polygonally shaped region Zoback 1990 and 1993; Peška and Zoback 1995) that defines the possible stresses by frictional strength of the crust at any depth. The stress states in which the crust is in frictional equilibrium, as given by eq.
(1), are marked by points lying at the periphery of the polygon for various tectonic regimes. The stress polygon in Figure 4 represents the potentially stress states and respective stress ratios for the geothermal reservoir rock of 4,100 m deep Lower Permian successions. The state of stress may vary between the highly tensional stress state (radial tension) and the highly compressional stress state (radial compression). 
Estimation of the vertical Stress (σ zz = S v )
For a variable density, ρ, with respect to depth, and a gravitational acceleration, g = 9.81 m s -2 , the vertical stress component in a body of rock at depth z = -D, follows the relationship
eq. (2) The weight of the overburden is derived from the average weight of major lithostratigraphic unit of the NE German Basin (Table 1 from Taking into account the high salinity of the pore fluid, the pore pressure P p should be close to hydrostatic with P p = 43 MPa at 4,100 m depth. The effective vertical stress is therefore S veff = S V -P p = 57 MPa.
In fact, the pore fluid pressure of 43.8 MPa is determined in 4,220 m depth by pressure and slurry rates during fracturing treatments in the geothermal target horizon (Legarth et al. 2005) . Estimation of the minimum and maximum horizontal stresses (σ xx = S Hmax and σ yy = S hmin )
The 3D model of the geothermal aquifer area displays fault throw characteristics (Fig. 3) that are only compatible with stress regimes that range from normal faulting (Fig. 4 , case II) to strike-slip faulting (Fig. 4 , case IV) including the transitional type between these two regimes (Fig. 4, case III) , respectively.
Within the boundary conditions of the calculated stress polygon, the maximum and minimum allowable stress magnitudes for a normal faulting regime (S V > S Hmax > S hmin ) (case II in Fig. 4 ) can be calculated: If these ratios are applied to the vertical stress magnitude of S V =100 MPa acting in the reservoir, a normal faulting stress regime of case (II) (in Fig. 4 ) would be characterized by S V =S 1 =100 MPa, S Hmax =S 2 =78 MPa and S hmin =S 3 =55 MPa. A transitional stress regime of case (III) (Fig. 4) between normal faulting and strike slip faulting would be characterized by S V =S 1 =100 MPa, S Hmax =100 MPa and S hmin =S 3 =55 MPa. A strike slip regime of case (IV) (Fig. 4) would be characterized by S V =S 2 =100 MPa, S Hmax =S 1 =210 MPa and S hmin =S 3 =79 MPa.
Results from hydraulic fracturing treatments in the reservoir, that are described in detail by Legarth et al. (2005) and Reinicke et al. (2005) , indicate a minimum horizontal stress of approximately 53±3 MPa at a depth of 4,100 m. This in-situ stress value is inferred from measured pressures that were necessary to induce a hydraulic fracture whilst reservoir stimulation.
Compared with the results of hydraulic fracturing it can be concluded that the insitu stress regime ranges between normal to strike slip faulting (case II and III in Fig. 4) , since the stress ratio of S hmin ≥ 0.55*S V is compatible with the in-situ minimum horizontal stress magnitude derived by stimulation. S Hmax would be allowed to achieve a magnitude of 78 MPa (case II) to 100 MPa (case III). The compatibility of calculated and measured values of the minimum horizontal stress also shows that the reservoir rock is in frictional equilibrium. A strike slip regime with a ratio of S hmin ≥ 0.79*S V does not reasonably fit to the in-situ determined minimum horizontal stress of S hmin~5 3 MPa.
Potential stress state along faults
It is well known that the potential fluid flow along faults is closely related to the state of stress along faults (Barton at al. 1995; Zhu and Wong 1997; Ito and Zoback 2000; Gudmundsson 2000; Zhang et al. 2002; Zhang et al. 2007 ), although a lot of rock properties and rock mechanical parameters have also a strong influence on the permeability of faults (Zhang et al. 2007 ). There are two stress state types on faults that are considered to control the hydraulic activity of faults: (1) critically stressed faults, that are close to or actually slipping, are considered as potential pathways for fluids in fractured aquifers of sedimentary and crystalline rock in Barton at al. (1995) and Ito and Zoback (2000 and the references therein); (2) extensional faults or fractures that are the main fluidconducting pathways in e. g. Gudmundsson (2000) or Gudmundsson et al. (2002) .
If the in-situ stress field is known, the acting stresses along any oriented fault can be calculated thus both critically stressed and extensional faults can be discriminated by resolving the amount of shear and normal stress on any fault plane. A technique that allows the assessment of slip or dilatation potential for mapped or suspected faults in a known or inferred stress state is the slip-tendency analysis described by Morris at al. (1996) , who developed this technique to estimate the reactivation potential and seismic-risk of faults. Applying this technique, we calculated the shear stress, slip-tendency and dilatation-tendency along the detected faults of the reservoir compartment in order to roughly assess the potential fluid flow along the faults. For this purpose the 3D fault model is used that describes the spatial distribution of the fault surfaces. The direction of the maximum horizontal stress S Hmax ~ 18,5° ± 3.7° needed for this approach is provided by borehole image log analysis of hydraulically induced fractures in the reservoir.
The slip-tendency on each fault is based on the defined stress state by stress ratios and orientations of the orthogonal stresses. The slip-tendency is displayed on a lower hemisphere equal-angle stereographic projection as shown in Figure 5 . Slip is likely to occur on surfaces when the resolved shear stress τ equals or exceeds the frictional resistance of sliding. The shear stress τ and resulting slip tendency τ/σ n for four geometrically representative fault planes is calculated in a first run under a normal faulting stress system (see case II in Figure 4) . In a second run it is calculated under a stress system transitional between normal faulting and strikeslip faulting (see case III in Figure 4 ) and finally under a strike-slip stress system (see case IV in Figure 4 ) (Fig. 5) . The four analysed fault planes are in the direct vicinity of the well GrSk 3/90. The fault plane geometries are representative for the regional Rotliegend fault pattern, as described consisting of NW-trending major faults (fault no. 1 and 4 in Figure 5 and Table 2 ) and NE-to NNE-trending minor faults (fault no. 2 and 3 in Figure 5 and Table 2 ).
The slip-tendency is the ratio of the maximum shear stress τ divided by the normal stress σ n on a fault surface (Morris et al. 1996) :
eq. (7) The dilatation-tendency is the relative probability for a fault to dilate under 3D stress conditions and is defined by In these equations total stresses and not effective stresses are used. In our approach, however, the pore pressure that reduces the total stresses is reconsidered in the stress ratio calculation (eq. 1). An increased pore pressure would reduce the upper and lower boundary of the stress polygon thus the slip-tendency might increase. The slip-tendency for a selected fault orientation can be divided by the maximum slip tendency for all fault orientations in the defined stress state in order to specify the selected fault as close or far from slip. This probability of slip is described by the maximum slip-tendency τ smax for each fault in Table 2 .
The fault plane poles in Figure 5 illustrate the results of slip-and dilatationtendency. The red area of the lower hemisphere defines a high slip tendency whereas the yellow to green areas have a lower slip-tendency. Effectively, fault poles that fall into the red areas have a high tendency of slip whereas fault poles that fall into yellow to green areas represent fault planes with a lower slip tendency. In Table 2 the values of slip-and dilatation-tendency are listed together with the maximum slip-tendency of each fault and in the three possible stress regimes, which are provided by the stress field calculation above.
The faults with the highest slip-and dilatation-tendencies in the normal faulting (case II in Fig. 4 ) and transitional (case III in Fig. 4 ) stress regimes, are the NNEto NE-striking faults (fault number 2 and 3 in Fig. 5 and Table 2 ). This is indicated by a high maximum slip-tendency of 94.7 % -96.8 % in a normal faulting stress regime and 99.6 to 98.0 % in a transitional stress regime. In a strike slip stress regime the NE-SW striking, SE dipping fault (fault number 2, see Table 2 ) shows the highest slip-and dilatation-tendency, indicated by a maximum slip-tendency of 75.6 %.
For the specification of the fault permeability related to the current stress field of all faults the faults of highest slip-and dilatation-tendency are assumed as the flow pathways. Critically stressed faults are fault planes with a high shear stress to normal stress ratio (high slip-tendency) whereas extensional faults have a low normal stress acting on the fault plane and have therefore a high dilatationtendency. In contrast, the faults of low slip-and dilatation-tendency might be characterized by a low potential for flow. Thus the NW-SE striking faults are defined as low-flow-structures whereas the NNE-to NE striking faults are defined as high-flow-structures.
It should be stated, that additional data from borehole images, core analysis and high resolution seismic would give a deeper insight into the permeability range of the natural fracture system and some modification of the results could be the consequence. In this case study we demonstrate, however, how the in-situ reservoir stress field can be derived and interpreted although a reduced data set is available. Table 2 Dynamic characteristics of the fault pattern of the Groß Schönebeck field. The four fault planes are in the vicinity of the wells, the geometry however is characteristic for the regional fault pattern. NF -Normal faulting, TT -hybrid normal to strike slip faulting, SS -strike slip faulting, SlipTend -slip-tendency given by τ / σ n , τ smax(%) -maximum slip-tendency for the fault plane given by the slip-tendency for a selected fault divided by the slip-tendency of all fault orientations in the current stress state, DilTend -dilatation-tendency given by (σ 1 -σ n ) / (σ 1 -σ 3 ). In bold are the fault planes, which have the highest slip-dilatation-tendency and are therefore supposed to be hydraulically active fractures in the current stress field. For the specification of the fault permeability related to the current stress field of all faults the faults of highest slip-and dilatation-tendency are assumed as the flow pathways. Critically stressed faults are fault planes with a high shear stress to normal stress ratio (high slip-tendency) whereas extensional faults have a low normal stress acting on the fault plane and have therefore a high dilatationtendency. In contrast, the faults of low slip-and dilatation-tendency might be characterized by a low potential for flow. Thus the NW-SE striking faults are defined as low-flow-structures whereas the NNE-to NE striking faults are defined as high-flow-structures.
It should be stated, that additional data from borehole images, core analysis and high resolution seismic would give a deeper insight into the permeability range of the natural fracture system and some modification of the results could be the consequence. In this case study we demonstrate, however, how the in-situ reservoir stress field can be derived and interpreted although a reduced data set is available.
Discussion
The fault pattern of the Rotliegend consists of two main fault populations: a major set of NW-trending faults, and a minor set of NE-trending faults. Franke et al. (1989) inferred from their work a more or less orthogonal fault system in the Rotliegend that is build up of prominent NW-SE and NE-SW striking lineaments. Baltrusch and Klarner (1993) re-processed and interpreted some seismic lines and well data and concluded a Rotliegend wrench fault system of major NW-SE faults and associated minor NE-SW striking graben structures. The interpreted fault pattern around Groß Schönebeck agrees rather with the results from Baltrusch and Klarner (1993) than with Franke et al. (1989) (Fig. 6) . The difference to Baltrusch and Klarner's results (1993) is the obvious existence of NE-SW oriented major faults that intersect NW-SE faults. The NE-SW fault direction is probably not only related to minor graben structures. The question of the dominating fault direction can only be answered by interpretation of additional data and the integration of more 2D seismic sections to the existing 3D fault model could reveal additional information about the structural framework. No conclusions can be drawn about the Rotliegend kinematics as done by Baltrusch and Klarner (1993) because it is not clear from the 3D structural model whether all faults in the Rotliegend successions were generated in the same phase. McCann (1998) infers from the petrography of Rotliegend sediments crustal segmentation and fault controlled basin formation inducing regional sedimentation patterns followed by a stable environment until the end of the Rotliegend. The 3D structural model supports the segmentation of the Rotliegend in fault blocks, but obviously some faults were active also after the Lower Permian because they crosscut the Zechstein base. Considering the results of , it is probable that some faults might have been generated or modified in extensional phases after Rotliegend times. According to Weinlich (1991) the Rotliegend fault system in Brandenburg is characterised by NW-SE striking faults that were active throughout the Upper Permian (Zechstein) and formed boundaries of en-echelon arranged crustal flakes.
From this discussion it is obvious that the current stress regime cannot be inferred only from the 3D structural model since the observed fault throw may include all fault movements since Rotliegend times. The frictional failure theory additionally with the resulting minimum horizontal stress magnitude known from hydraulic fracturing is a method to limit reasonably the potential stress regimes between normal and strike slip faulting. The analysis of borehole breakouts is another common method to determine the in-situ stress field. In the well GrSk 3/90 borehole breakouts were analysed by a fracture mechanical approach (Moeck and Backers 2006) . The fracture mechanical study combined with numerical modelling provides the magnitude of the maximum horizontal stress S Hmax~9 5-100 MPa supporting the results of the frictional failure calculation (Table 3) .
Borehole breakout data, however, are not always available. Hence, the combined approach of 3D structural model analysis, frictional failure theory and sliptendency analysis might represent an alternative for deriving the current stress state at any crustal depth. The calculated stress field for the geothermal aquifer agrees with the work of Röckel and Lempp (2003) where normal to strike slip faulting stress regimes are assumed for the Lower Permian of NEGB based on several borehole breakout analyses. Lempp and Lerche (2006) investigated the stress directions in the subsalt (below Zechstein) and suprasalt (above Zechstein) and divided the North German Basin in a western, central and eastern part. Their decision tree method of stress data from boreholes implies a N-S trend of the subsalt maximum horizontal stress direction S Hmax . Nearly one forth of the stress values belong to data points near a NW-SE striking fault below a salt structure. In fact, the well location at Groß Schönebeck is in agreement with this data point definition because it is situated near a major NW-SE fault below a salt ridge.
The observed stress direction of S Hmax ~ 18,5° ± 3.7° in the Rotliegend at Groß Schönebeck can be found in stress directions illustrated in the world stress map (Zoback 1992) and in further analysis of borehole breakouts in the NEGB (Roth et al. 1999) . In fact, the understanding of the state of stress helps to describe the reservoir condition in terms of a reservoir flow simulation (Gehrke et al. 2006 ).
The faults of high slip-and dilatation-tendency are considered as preferential flow path directions whereas the faults with a low shear stress and a high normal stress are assumed as no-flow boundary. Related to the current stress field, the NNE-to NE-trending faults define the preferential flow paths whereas NW-trending faults act as no-flow boundaries. Hydraulic tests in the new well at Groß Schönebeck will give further insight into preferential flow paths in the reservoir.
Conclusions
It is demonstrated how pre-existing data can be re-used in order to develop a 3D structural model with a modern 3D visualisation software. The 3D model describes both the morphology of the geological formations and the fault pattern that is decoupled by the Zechstein salt into a subsalt and suprasalt fault system.
The Rotliegend fault system is dominated by major NW-SE and minor NE-SW trending faults. The NNE-to NE-oriented moderately dipping faults bear the highest shear stresses related to the current stress field, and as critically stressed Franke et al. (1989) , (B) structural map according Baltrusch and Klarner (1993) , (C) new structural map for the vicinity of geothermal investigation site Groß Schönebeck.
